INTRODUCTION
In the processing of lightweight metals such as aluminum and magnesium, metal cleanliness is crucial for refi ning, part manufacturing, and recycling. The quality of products is frequently and critically associated with the presence of inclusions of intermetallic and/or nonmetallic materials within the molten metals during manufacturing steps. The presence of these inclusions affects the mechanical properties of metals, such as strength and corrosion resistance, and results in deterioration of product quality. The inclusions can be oxide fi lms and particles, other hard particles derived from the original smelting process, or other reaction products such as fl ux particles. The size of these inclusions can vary from less than 1 µm to greater than 100 µm.
Several techniques are available for evaluating metal quality based on the extraction of a metal sample followed by analysis in a laboratory. Ideally, the cleanliness of molten metals would be evaluated for large quantities that could be rapidly analyzed with little or no sample preparation. This can only be achieved by analyzing the metal while it is still in the molten state. For aluminum processing, a commercial device, the Liquid Metal Cleanliness Analyzer (LiMCA, ABB Bomen, Quebec, Canada) is available.
1 The LiMCA method is based on the electric sensing zone principle for counting and sizing non-conductive particles passing through the orifi ce used in the system. However, the LiMCA is not yet applicable to molten magnesium due to the reactive nature of molten magnesium to the orifi ce materials. In addition, the LiMCA is not capable of effectively detecting conductive inclusions such as intermetallic particles, which are often present in molten aluminum and magnesium.
Ultrasonic techniques have been reported as on-line methods to monitor molten metal properties.
2-4 Ultrasound can propagate in molten metals without much attenuation and, when inclusions are present in the molten metals, the ultrasonic signatures such as velocity and attenuation of the liquid and the ultrasonic energy scattered by the inclusions will change. Since the variation of the velocity and attenuation is not sensitive to small amounts of inclusions (e.g., less than 30 ppm, which is of interest for this study), the detection of the scattered energy from each individual particle is required.
5 Ultrasonic probes used in the earlier studies were composed of an ultrasonic transducer and buffer rod having no cladding.
2-4 Due to the lack of cladding, signal-to-noise ratio (SNR) of the ultrasonic signal in such non-clad buffer rods was poor. The SNR is defi ned as the strength of the desired signal from the inclusions divided by the strength of the spurious signals (noises) produced in the rod. The inclusion detection sensitivity is directly related to the SNR. The higher the SNR, the better the detection sensitivity. The authors' approach is to install ultrasonic probes using high-SNR clad buffer rods 6,7 at the opening of a tube through which the molten metals are guided. The inclusions that exit from the tube will scatter the ultrasonic energy and can be detected by the clad buffer rod probes. The amplitude of this scattered ultrasonic energy may be used to measure the inclusion size. Each detection may render a count for the inclusion. Figure 1 shows a schematic view of a confi guration for inclusion detection in molten metals. In pitch-catch mode, one probe (the transmitter) transmits the pulsed ultrasound into the molten metals and another one (the receiver) receives the ultrasonic signals scattered by the inclusions with a pulser-receiver. On the other hand, in pulse-echo mode, only one probe is used to serve as both the transmitter and the receiver of ultrasound. Figure 2 shows a 280-mmlong, double-taper-shaped clad steel buffer rod used in the experiments. Rods with different lengths are available, up to 1 m. The selection of rod length depends on the depth of the container and the amount of the molten metals examined. The rod consists of a mild steel core and a stainless-steel (SS) cladding. An ultrasonic transducer (UT) is attached on one end of the rod; the other is the probing end immersed in the molten metals. For focused ultrasonic waves, ultrasonic-focused probes are available with a spherical concave lens at the probing end. 5 The focused probes can detect smaller inclusions than the fl at-end probes for plane waves. Aluminum or magnesium contained in the SS container was heated and melted by an electric resistance furnace. To prevent oxidation, argon gas for molten aluminum or 1% sulphur hexafl uoride (SF 6 ) gas for molten magnesium 8 was supplied above the surface of the melts. The oxides are considered major inclusions, especially in magnesium. 9, 10 The dimensions of the container were 90 mm in diameter and 100 mm in depth, and the depth of melts was about 80 mm. The sensing area was at the center of the container, which was about 30 mm below the surface of the melts.
INCLUSION DETECTION IN MOLTEN ALUMINUM AND MAGNESIUM
The inclusion-detection experiment with molten aluminum was conducted fi rst. The silicon carbide (SiC) particles, with an average size of 50 µm and a size range of 30 µm to 60 µm, were suspended in the molten aluminum (aluminum alloy A356) as inclusions after the aluminum completely melted. The molten aluminum was well stirred manually to distribute the inclusions uniformly before acquiring the data. The results obtained using the buffer rods having fl at probing ends with the pitch-catch mode are shown in Figure  3a . The temperature of the molten aluminum was 780°C. The signals were recorded at 2 ms per frame with a time window of 20 µs covering the entire detection area where the desired signals were refl ected from the inclusions. The fi gure shows only the frames from every 40 ms with the time window of 5 µs. The backscattered ultrasonic signals from the inclusions were observed when the inclusions passed through the sensing area, as shown in Figure 1 . Movements of inclusions were visible. The scattered signals were also observed with the pulse-echo mode using a single probe with and without an ultrasonic lens at the probing end (the data are not shown here). However, the pitch-catch mode had a higher SNR than the pulse-echo mode. It should be noted that molten aluminum corrodes steel and stainless steel, which are the materials of the buffer rods used here. Although the steel rod can sustain corrosion in the molten aluminum for a short period of time, the authors are developing probe materials and/or coating materials for the probe that have good ultrasonic wetting and sufficient corrosion resistance to transmit and receive the stable ultrasonic signals. Ultrasound cannot be transmitted from the probe into materials without the ultrasonic wetting between the probe and liquid.
The same experiment was conducted with molten magnesium (purity: 99.8%). The temperature of the magnesium was 680°C. Figure 3b shows typical signals obtained using the buffer rods having fl at probing ends with the pitch-catch mode. The backscattered ultrasonic signals from inclusions were observed as they were in the molten aluminum experiment. However, it should be noted that the scattered signals were observed 
